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Expression of the extracellular matrix (ECM) protein tenascin-C is induced in fibroblasts by growth factors as well as by tensile strain.
Mechanical stress can act on gene regulation directly, or indirectly via the paracrine release of soluble factors by the stimulated cells. To
distinguish between these possibilities for tenascin-C, we asked whether cyclic tensile strain and soluble factors, respectively, induced its
mRNA via related or separate mechanisms. When cyclic strain was applied to chick embryo fibroblasts cultured on silicone membranes,
tenascin-C mRNA and protein levels were increased twofold within 6 h compared to the resting control. Medium conditioned by strained
cells did not stimulate tenascin-C mRNA in resting cells. Tenascin-C mRNA in resting cells was increased by serum; however, cyclic strain
still caused an additional induction. Likewise, the effect of TGF-h1 or PDGF-BB was additive to that of cyclic strain, whereas IL-4 or H2O2
(a reactive oxygen species, ROS) did not change tenascin-C mRNA levels. Antagonists for distinct mitogen-activated protein kinases
(MAPK) inhibited tenascin-C induction by TGF-h1 and PDGF-BB, but not by cyclic strain. Conversely, a specific inhibitor of Rho-
dependent kinase strongly attenuated the response of tenascin-C mRNA to cyclic strain, but had limited effect on induction by growth factors.
The data suggest that regulation of tenascin-C in fibroblasts by cyclic strain occurs independently from soluble mediators and MAPK
pathways; however, it requires Rho/ROCK signaling.
D 2004 Elsevier B.V. All rights reserved.Keywords: Extracellular matrix; Tenascin-C; Mechanical stress; TGF-h; PDGF; Gene regulation; Signaling1. Introduction
For homeostasis, connective tissues depend on a constant
input of mechanical stress in a certain physiological range
and pattern; without such stimulation, these tissues suffer
atrophy [1]. Thus, it is an important question how
mechanical signals regulate extracellular matrix (ECM)
synthesis and turnover [2]. Different mechanisms have been
suggested. First, in many cases mechanical stress is thought0167-4889/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2004.08.001
Abbreviations: ECM, extracellular matrix; MAPK, mitogen activated
protein kinase; ROCK, Rho-dependent protein kinase; FCS, fetal calf
serum; DMEM, Dulbecco’s minimal essential medium; BSA, bovine serum
albumin; PBS, phosphate buffered saline; TGF-h, transforming growth
factor-beta; PDGF, platelet derived growth factor; IL-4, interleukin-4
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rectly. In various cell types, mechanical stimulation has been
shown to trigger the release of certain auto-or paracrine
growth factors which then change the transcription rate of
specific bmechanoresponsiveQ genes [3,4]. Transforming
growth factor-beta (TGF-h), notorious for stimulating the
production of ECM proteins in fibroblasts, is an obvious
candidate for mediating such indirect responses to mechan-
ical stress [5,6]; another is connective tissue growth factor
(CTGF) whose mRNA level is itself regulated by mechan-
ical signals [7]. Platelet derived growth factor (PDGF) is
released upon mechanical stimulation of smooth muscle
cells, inducing their proliferation [8]. An autocrine feedback
loop involving interleukin-4 (IL-4) was shown to be
involved in the response of chondrocytes to mechanical
signals [9], and reactive oxygen species (ROS) were
implicated in mechanotransduction in heart myocytes [10].ta 1693 (2004) 193–204
Fig. 1. Multiwell device used to generate equi-biaxial strain on cultured
fibroblasts. (1) Six-well culture dish with fibronectin-coated silicone
membrane bottoms onto which the cells are plated. (2) Fixed aluminum
frame onto which two dishes are mounted with screws. (3) Teflon rings
which push into the silicone bottomed culture wells from below (the second
culture dish is not mounted for better view). (4) Platform which holds the
Teflon rings, and which can be moved vertically along four steel rods at the
corners. (5) Piston fixed to the movable platform from below (a second on
the opposite side is not visible behind the motor). (6) Eccentric wheel
mounted to the gear shaft and driving the piston, generating a sinusoidal
movement of the platform. (7) Electric motor with gear.
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cellular signals directly, since physical stress is transmitted
from the ECM via integrins across the cell membrane to the
cytoskeleton [11]. Integrins, together with the entire machi-
nery at focal contacts involved in cytoskeletal assembly and
dynamics, are likely to take part in mechanotransduction
[12]. Pulling on ligand-engaged integrins from the outside of
the cell leads to the activation of intracellular protein kinases
[13] as well as to a stiffening of the actin cytoskeleton
mediated by the small GTPase RhoA and its downstream
effector Rho-dependent kinase (ROCK I/II) [14]. By such
integrin- and Rho-dependent signaling cascades, certain
mechanosensitive genes could be activated directly, i.e.,
without an intermediate step of growth factor or cytokine
release by the stimulated cells [11]. Along these lines, it has
been shown recently that Rho-dependent actin dynamics
regulate nuclear translocation of megakaryocytic acute
leukemia (MAL) protein, a coactivator of transcription
factor, serum response factor (SRF) [15].
In practice, it is by no means trivial to distinguish
between an indirect and a direct mechanism of gene
regulation by mechanical signals. Tenascin-C (myotendi-
nous antigen), for example, is an ECM protein prominently
expressed in tissues bearing high tensile stress (especially
tendons and ligaments), suggesting a mechanical component
in its regulation [16]. Indeed, we have found that
immobilization of chick embryos in ovo strongly reduces
tenascin-C expression in developing leg tendons [17], and
that tenascin-C mRNA and protein are rapidly induced in
the endomysium of chick ALD muscle after applying load
to the wing [18]. In cultured fibroblasts and heart myocytes,
this ECM protein was shown to be regulated by static
[19,20] as well as dynamic tensile stress [10], and
mechanoresponsive regulatory sequences have been
described in the promoter of its gene [10,19]. On the other
hand, tenascin-C is strongly expressed de novo during tissue
remodeling [21], wound healing [22], and in inflammation
[23]. Accordingly, serum and several isolated growth factors
(among them TGF-h and PDGF) are known to induce
tenascin-C mRNA (for review, see Ref. [24]). Thus, any
direct effects of mechanical stress on tenascin-C expression
might be confounded with the concomitant release of a
growth factor.
In order to approach this dilemma, we compared the
magnitude and time course of tenascin-C induction by
serum, purified growth factors, and cyclic tensile strain in
cultured chick embryo fibroblasts. We also asked whether
cyclic strain and growth factors acted on tenascin-C mRNA
levels in a sequential or rather in an additive or synergistic
manner. Moreover, we evaluated the responses to growth
factors and mechanical stress, respectively, for their
sensitivity to antagonists of various intracellular signaling
pathways. The aim of these experiments was to gain
information whether growth factors and cyclic tensile strain
controlled tenascin-C mRNA levels via common or distinct
(parallel) signaling pathways.2. Materials and methods
2.1. The equi-biaxial strain device
The cyclic strain device with special culture dishes was
designed by us and manufactured in our institute’s
workshop. Its is similar in principle to the device
developed by Schaffer et al. [25] who also provided the
theoretical background. The advantage of our machine lies
in its simplicity and its multiwell design (Fig. 1). It allows
to apply sinusoidal, equi-biaxial and isotropic strain of
desired amplitude, frequency and duration to cells cultured
on (ECM-coated) silicone elastomer membranes. The
scaffolds of its six-well culture dishes are moulds from
blocks of high density polyethylene (UHMW-PE, Kundert,
Jona, Switzerland) on a computer-controlled lathe (Pico-
max 51-CNC, Fehlmann, Seon, Switzerland). Scaffolds
have the exact dimensions of commercial six-well dishes
(35-mm wells), but wells are open at the bottom. Steel
thread cases are inserted into the lower surface of the
scaffolds between the wells. These allow to screw on a 2-
mm-thick stainless steel base plate (16.28.7 cm) with six
circular 35-mm diameter openings concentric with the
wells. A sheet of silicone membrane (0.05U, gloss/gloss;
Specialty Manufacturing Inc.) is sandwiched between the
scaffold and the base plate of the culture dish, forming the
bottom surface of the wells. After seeding cells on the
silicone membrane (see below), two assembled culture
dishes can be mounted onto the strain device. The device
itself consists of a aluminum bottom platform (12241.2
cm) and a rectangular top frame (18241.2 cm) held
together at their corners by four vertical steel rods (17-cm
length, 1-cm diameter). An aluminum stage (12241.2
cm) between lower platform and upper frame can be
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bearings. The stage is driven by a piston rod and an
electric motor with gear (Zqrrer AG, Zqrich, Switzerland)
fixed to the lower platform, generating a smooth sinus-
oidal movement. Culture dishes are mounted onto the top
frame with screws. The movable stage has circular
indentations holding Teflon rings (25-mm diameter, 10-
mm height) which are arranged concentrically with the
wells of the culture dishes and pushed into the silicone
membranes from below. With every cyclic movement of
the stage, the membrane area over the Teflon rings is
strained equi-biaxially (i.e., strain is the equal in the x-
and y-axis and at every position). Frequency of strain can
be adjusted from 0 to 1 Hz by the electronic unit
controlling motor speed, whereas magnitude of strain is
changed by varying the stroke of the piston (using
exchangeable eccentric disks on the drive shaft). The
magnitude of strain was calibrated by drawing a rectan-
gular 5-mm grid onto the silicone membrane bottoms of
culture wells. From photographs taken during the stretch
cycle, the area of a chosen grid rectangle was quantified
by the Image Quant program (Molecular Dynamics) for
the minimal and the maximal stroke position. (The small
error due to vertical membrane movement was corrected.)
Linear strain was calculated from the square root of the
ratio between maximal and minimal rectangle area. A
stroke of 6 mm was found to generate 10.2F0.9% linear
strain of the silicone membrane (average and S.E., n=6
wells). Extended rectangles parallel to the x- and y-axis,
respectively, yielded the same relative area increases,
confirming that the linear strain of the membrane is
equi-biaxial.
2.2. Coating of silicone membranes with fibronectin or
collagen
Fibronectin was purified from chick fibroblast condi-
tioned medium by gelatin affinity chromatography as
described [26]. A 100-Al drop of sterile fibronectin
solution (100 Ag/ml in phosphate buffered saline, PBS)
was carefully placed onto the silicone membrane in the
center of each well and covered with a plastic bottle cap
(20 mm diameter). Fibronectin was allowed to adsorb to
the silicone membrane at room temperature for at least 1
h. The cap and excess fluid were removed and the wells
left to dry. Due to the hydrophobicity of the membrane,
just the circular area in the center of each well was coated
with fibronectin by this method. Alternatively, a sterile
solution of rat tail collagen (2 mg/ml in 0.1% acetic acid,
Collagen R, Serva, Heidelberg, Germany) was neutralized
and diluted to 150 Ag/ml with ice-cold PBS. Silicone
membranes were then coated as described above at room
temperature to allow collagen fibril assembly. Collagen-
coated wells were dried for 30 min under a UV lamp
(254 nm, 20 W, 15-cm distance) to achieve mild protein
cross-linking.2.3. Cell culture
Primary cultures of skin fibroblasts from 10-day chick
embryos were prepared as described [20] and maintained at
37 8C and 6% CO2 in Dulbecco’s minimal essential medium
(DMEM; Seromed, Basel, Switzerland) containing 10%
fetal calf serum (FCS; Gibco) for 4 days. Cells were
harvested by trypsinization and plated either (for growth
factor assays) into standard six-well plastic dishes (Falcon/
Becton Dickinson; 600000 cells per well in 4-ml DMEM
with 3% FCS), or (for cyclic strain assays) onto the silicone
membrane of the specially designed six-well dishes (see
above). In this case, a 1-ml drop containing 600000 cells
was placed onto the fibronectin-coated central area of each
well, and the dish was carefully placed in the CO2-
incubator. The drop of seeding medium stayed on the
fibronectin-coated area by surface tension, i.e., a peripheral
ring of uncoated (hydrophobic) silicone membrane
remained devoid of cells. After 4 h of seeding, medium in
both standard and silicone dishes was replaced by 4-ml
DMEM with low FCS concentration (0.3%), or in some
cases by serum-free DMEM containing 0.2 mg/ml bovine
serum albumin (BSA; Fluka, Buchs, Switzerland). Cultures
were left in the CO2-incubator for 20–24 h before being
used in assays.
2.4. Growth factors and inhibitors
PD 98059 (MEK-1 inhibitor blocking the ERK-1/2
pathway), SB 203580 (p38 MAPK inhibitor) and Y 27632
(ROCK-I/II inhibitor) were obtained from Calbiochem (Juro
GmbH, Luzern, Switzerland); cycloheximide, H2O2 and N-
acetyl cysteine were from Sigma (Buchs, Switzerland).
Stock solutions were prepared in DMSO (PD 98059, SB
203580), water (Y 27632; H2O2) or DMEM (cyclohex-
imide; N-acetyl cysteine). Human recombinant transforming
growth factor-h1 (TGF-h1), human recombinant platelet-
derived growth factor-BB (PDGF-BB) and human recombi-
nant IL-4 were purchased from Sigma, and stock solutions
containing BSA prepared according to the manufacturer’s
instructions. Growth factor and inhibitor concentrations to
be used in assays were chosen from the literature [8–10],
including our own previous work [27,28], and from the
manufacturer’s data sheets. In preliminary experiments, a
concentration range spanning at least one order of magni-
tude was tested for each growth factor or inhibitor, and the
minimal dose yielding optimal stimulation or inhibition,
respectively, was used in the experiments described here.
Final standard concentrations were: PD 98059, 20 AM; SB
203580, 5 AM; Y 27632, 10 AM, TGF-h1, 5 ng/ml; PDGF-
BB, 10 ng/ml; IL-4, 10 ng/ml.
2.5. Growth factor assays
Cultures in standard six-well dishes were washed twice
with DMEM/0.3% FCS (or DMEM/0.2 mg/ml BSA where
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diluted into the respective medium at double the final
concentration; control medium received the empty carrier
(0.1% DMSO). Two milliliters of control or inhibitor-
containing medium was put into each well for 30 min.
Then, 2 ml of medium without or with growth factor (see
above) was added to each well. After 6 h at 37 8C in the
CO2-incubator, cells were lysed and total RNA extracted
as described [20].
2.6. Cyclic strain assays
Cultures in the special six-well dishes with silicone
membrane substrates (see above) were washed as for the
growth factor assays. Where indicated, inhibitors were
added at their final concentration in 4 ml of medium per
well, and cultures were placed in the CO2-incubator for 30
min. Two dishes were then mounted on the equi-biaxial
strain device which had been equilibrated at 37 8C for 1 h
before the experiment; two identical dishes served as the
resting control. The cultures on the device were subjected to
cyclic strain (10%, 0.3 Hz) at 37 8C in the CO2-incubator for
6 h unless indicated otherwise. Cells from strained and
resting cultures were lysed and total RNA isolated as
published [20].
2.7. Quantification of mRNA levels from Northern blots
Usually extracts from three identically treated culture
wells were pooled. Total RNA was isolated and its
concentration determined by measuring OD260. From
each sample, an identical amount of total RNA (usually
4 Ag per lane) was run on an agarose gel and a Northern
blot prepared as published [20]. Chick specific cDNA
probes for tenascin-C, fibronectin and glyceraldehyde
phosphate dehydrogenase (GAPDH) have been charac-
terized before [7,20]; they were labeled with [32P]dCTP
by the random priming method using Klenow DNA
polymerase [20]. After simultaneous hybridization with
GAPDH and either tenascin-C or fibronectin cDNA
probe [20], Northern blots were exposed to a Storage
Phosphor Screen (Molecular Dynamics; Paul Bucher AG,
Basel, Switzerland) overnight. Screens were scanned with
a Storm 860 phospho-imager (Molecular Dynamics), and
mRNA bands were quantified using Image Quant
software (Molecular Dynamics). For each Northern blot
shown, experiments were repeated at least three times
and yielded nearly identical results. For the inhibitor
studies (Figs. 7 and 8), data represent the mean and
standard error of the mean of at least five independent
experiments. Statistical significance was determined by
one-way ANOVA to compare all experimental groups,
followed by unpaired Student’s t-test to evaluate the
difference between a given experimental and its control
group. Differences with a value of Pb0.05 were
considered significant.2.8. Other methods
Immunofluorescence staining and immunoblotting were
performed as published [19, 20]. Briefly, paraformaldehyde
(4%)-fixed cell cultures were washed and blocked with 1%
BSA in PBS, and incubated for 1 h at room temperature in
rabbit antiserum against chick tenascin-C or fibronectin
diluted 1:200 in BSA/PBS. Samples were washed, incu-
bated as before in fluoresceine labeled goat anti-rabbit IgG
(Cappel, ICN Biomedicals, Switzerland; diluted 1:100 in
BSA/PBS), washed again, and mounted in glycerol. Con-
ditioned media were run on 5% acrylamide/SDS gels and
blotted to nitrocellulose (BA85, Schleicher & Schuell,
Switzerland). Blots were blocked with BSA/PBS and
incubated with rabbit anti-chick tenascin-C antiserum
(1:500 in BSA/PBS) followed by peroxidase-labeled goat
anti-rabbit IgG (Cappel; diluted 1:1000 in BSA/PBS). Blots
were developed by enhanced chemoluminescence (Pierce,
Sociochem SA, Switzerland).3. Results
3.1. Dose-dependent tenascin-C induction by cyclic strain
Our custom-made device depicted in Fig. 1 was used to
study the induction of tenascin-C mRNA by equi-biaxial
cyclic strain in chick embryo fibroblasts which were
cultured on fibronectin-coated silicone elastomer mem-
branes. Preliminary experiments (not shown) indicated that
in these cells, relatively high strain (10%) at low frequency
(0.3 Hz) was most effective in inducing tenascin-C mRNA,
without leading to cell damage or loss. The response was
reduced at 7% and unsignificant at 3% strain (not shown).
Higher cycling frequency (1 Hz) tended to cause detach-
ment of part of the cells. Thus, we chose 10% strain and
0.3 Hz to evaluate how the magnitude of the response
depended on the time dose of mechanical stimulation (Fig.
2). In medium containing 0.3% FCS, a robust twofold
increase in the tenascin-C mRNA level was obtained after
6 h of continuous cyclic strain, and a four- to fivefold
increase at 21 h compared to cells at rest (Fig. 2A). In
contrast, GAPDH mRNA levels remained unchanged,
whereas fibronectin mRNA was induced weakly at later
time points under these conditions (Fig. 2A). The shortest
duration upon which a significant increase in tenascin-C
mRNA levels could be detected was 3 h of continuous
cyclic strain (Fig. 2A), or 2 h of cyclic strain followed by
4 h at rest (Fig. 2B). Cyclic strain for 24 h or more tended
to result in loss of cells and a down-regulation of tenascin-
C mRNA (not shown). In order to maximize cell viability
during the experiments, 6 h of cyclic strain (10%, 0.3 Hz)
in medium with 0.3% serum was chosen as standard
condition unless indicated otherwise.
To exclude that the device generates changes in gene
expression by medium flow rather than by straining the
Fig. 3. Accumulation of tenascin-C protein in media and ECM of chick
fibroblasts subjected to cyclic strain (10%, 0.3 Hz). (A) Immunoblot with
antibody to chick tenascin-C of media conditioned for 24 h by cells strained
for 0, 3, 6 and 21 h, respectively. Medium was changed to fresh DMEM
with 0.3% FCS immediately before the experiment, and after applying
strain for the indicated time, all cultures were left for the remainder of 24 h
in the same medium before collection. Of each sample, an identical volume
(20 Al) was loaded, i.e., each signal corresponds to the amount of tenascin-
C released by 3000 cells within 1 day. (B) Immunofluorescence of chick
fibroblasts cultured at rest (left panels) or under cyclic strain (10%, 0.3 Hz)
for 21 h (right panels), with antibodies to tenascin-C (top) and fibronectin
(bottom), respectively. Note the increased accumulation of tenascin-C
protein in the mechanically stimulated cells. Bar, 200 Am.
Fig. 2. Time course of induction of tenascin-C mRNA by equi-biaxial
cyclic strain (10%, 0.3 Hz) in chick embryo fibroblasts. (A) Cells were
cultured on fibronectin-coated silicone membranes and subjected to cyclic
strain for the indicated amount of time. Total RNA was extracted, run on a
gel, and a Northern blot was hybridized with radiolabeled cDNA specific
for fibronectin, tenascin-C and GAPDH. 28 s and 18 s ribosomal RNA are
shown as loading controls. (B) In a similar experiment, cells were cyclically
stretched for 1, 2, 4 or 6 h (solid line), or stretched for the indicated amount
of time (solid line) and then left at rest for the remaining of 6 h (broken
line). RNAwas isolated and Northern blots hybridized simultaneously with
cDNA probes specific for tenascin-C and GAPDH. Labeled bands were
quantified by phospho-imaging, and data are expressed as the ratio of
tenascin-C to GAPDH mRNA. Similar time course experiments were
repeated several times with comparable results; representative examples are
shown.
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coated coverslips which were placed onto the silicone
bottom surface of culture wells. When running the machine,
cells on the coverslips experienced exactly the same vertical
movements and fluid flow as cells on the (identically
coated) silicone membrane. However, tenascin-C mRNA
was induced only in cells on the flexible silicone, not on the
stiff glass substrate (not shown).
In accordance with its mRNA induction, a time-depend-
ent increase in the level of secreted tenascin-C protein was
observed by immunoblotting in the medium of cyclically
strained fibroblasts (Fig. 3A). Similarly, by immunofluor-
escence a stronger intra- as well as extracellular staining for
tenascin-C was detected in cells stimulated mechanically for
24 h compared to those left at rest (Fig. 3B).3.2. Medium conditioned by stretched cells does not induce
tenascin-C mRNA
In the experiments shown above, tenascin-CmRNAmight
be induced via a growth factor secreted by fibroblasts into the
medium in response to cyclic strain. To test this possibility,
fibroblasts were plated on silicone membranes, incubated in
fresh medium containing 0.3% FCS, and either left at rest or
strained for 6 h (10%, 0.3 Hz). Conditioned media from
control and strained cells, respectively, were transferred to
new resting cultures for 6 h before extracting their RNA. As
seen in Fig. 4A, tenascin-C mRNA was up-regulated in the
cells subjected to direct mechanical stimulation, but not in
resting cells incubated with conditioned medium from
strained cultures. This experiment argues against the possi-
bility that cyclic strain induces massive growth factor release
in fibroblasts, which in turn is responsible for tenascin-C
induction in the same or neighboring cells.
Fig. 5. Additive action of serum and growth factors with cyclic strain on the
induction of tenascin-C mRNA. (A) In two separate experiments,
fibroblasts were incubated in medium containing 0% or 0.3% FCS (left
panel), and 0.3% or 3% FCS (right panel), respectively, and either left at
rest (R) or subjected to cyclic strain for 6 h (S). (B) In another two
experiments, cells were incubated without or with 5 ng/ml TGF-h (left
panel) or 10 ng/ml PDGF (right panel), respectively, and either left at rest
(R) or subjected to cyclic strain for 6 h (S). RNA was extracted and
Northern blots hybridized simultaneously with cDNA probes specific for
tenascin-C and GAPDH. Radioactive bands were quantified by phospho-
imaging, and TN-C/GAPDH ratios are shown graphically on top of the
Northern blots. Repetitions of these experiments (n=3) produced nearly
identical results.
Fig. 4. Medium conditioned by cyclically stretched fibroblasts does not
induce tenascin-C mRNA in cells left at rest, and inhibition of protein
synthesis does not abolish induction of tenascin-C mRNA by cyclic strain.
(A) Fibroblasts were either left at rest (R) or stretched (10%, 0.3 Hz) for 6 h
(S). Conditioned medium from resting (CMR) and stretched (CMS) cultures,
respectively, was transferred to new identical cultures which were left at rest
(R) for another 6 h. (B) Fibroblasts were left at rest (R) or stretched as before
either in the absence or the presence of 5 Ag/ml cycloheximide (CHX) to
block protein synthesis. RNA was extracted and Northern blots hybridized
simultaneously with cDNA probes specific for tenascin-C and GAPDH. 28 s
and 18 s ribosomal RNA are shown as loading controls. Representative
examples of identical repeated experiments (n=3) are shown.
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depend on protein synthesis
Inhibition of protein synthesis by treatment of chick
fibroblasts with cycloheximide (5 Ag/ml) for 6 h tended to
reduce the GAPDH mRNA levels, but still allowed up-
regulation of tenascin-C mRNA by cyclic strain (Fig. 4B).
Higher cycloheximide concentrations (25 Ag/ml) led to a
super-induction of tenascin-C mRNA both in resting and
strained cells (not shown). Thus, prior synthesis of cellular
factors does not seem to be required for the response of the
tenascin-C gene to mechanical stimulation.
3.4. Additive action of growth factors and cyclic stretch in
inducing tenascin-C
To study whether stimuli acted in series or in parallel, we
studied the combined effect of cyclic strain and growth
factors on tenascin-C mRNA induction. If a released growth
factor was mediating the effect of cyclic strain, an excess ofexogenous factor should maximally stimulate tenascin-C
mRNA and not allow additional induction by cyclic strain.
First, we added either null or 10 times more FCS (0% or 3%
instead of the usual 0.3%) to fibroblasts grown on silicone
membranes before stretching them. As seen in Fig. 5A, basic
levels of tenascin-C mRNA were suppressed in cells
maintained in serum-free medium, but a twofold induction
could still be obtained by mechanical stimulation of the cells.
Conversely, in cells left at rest, 3% serum stimulated
tenascin-C mRNA levels roughly threefold compared to
those at 0.3%. However, even at this high serum concen-
tration, an additional mRNA increase was observed after
applying cyclic strain for 6 h. The magnitude of the increase
was similar at the low and high serum concentrations. Thus,
serum growth factors and mechanical stress appear to
regulate tenascin-C mRNA in an additive manner, i.e., serum
does not seem to fully substitute for the effect of strain.
Fig. 7. Induction of tenascin-C mRNA by growth factors is attenuated by
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reported to mediate cellular responses to mechanical stress,
and they both induce tenascin-C mRNA when applied
directly to fibroblasts (see Introduction). At concentrations
of TGF-h 1 or PDGF-BB yielding close to maximal
stimulation of tenascin-C mRNA (5 and 10 ng/ml,
respectively), cyclic strain in both cases was able to rise
the levels of this mRNA even further (Fig. 5B). Again, the
effects of these two growth factors and of mechanical
stimulation, respectively, appeared to be additive.
3.5. No involvement of IL-4 or ROS in strain-mediated
tenascin-C induction in chick fibroblasts
ROS and interleukins are additional candidate mediators
of mechanical stimulation (see Introduction). In our hands,
H2O2 did not stimulate tenascin-C mRNA levels at rest;
conversely, N-acetyl cysteine (an antioxidant neutralizing
ROS) did not inhibit induction of this mRNA by cyclic
strain (Fig. 6A). Likewise, IL-4 (in contrast to TGF-h and
PDGF) did not significantly influence tenascin-C mRNA
levels in chick embryo fibroblasts, neither at rest nor under
mechanical stimulation (Fig. 6B).Fig. 6. ROS or IL-4 do not appear to be involved in the induction of
tenascin-C mRNA by cyclic strain in chick embryo fibroblasts. Northern
blotting was performed as before. (A) Cells were left at rest (R) without or
with 30 AM H2O2 for 6 h, or cyclically stretched (S) for 6 h in the absence
or presence of 10 mM N-acetyl cysteine (NAC). Note that even this small
concentration of H2O2 led to partial RNA degradation but did not increase
tenascin-C mRNA at rest. Conversely, N-acetyl cysteine did not signifi-
cantly inhibit induction by cyclic strain. In parallel experiments, a
concentration range of H2O2 was tested, but an induction of tenascin-C
mRNA was never observed. (B) Cells were incubated without or with 10
ng/ml IL-4 for 6 h, which had no significant effect on mRNA levels in cells
left either at rest (R) or concomitantly stretched (S). A representative
experiment (n=3) is shown.
inhibitors of MAPK and ROCK. (A) Chick fibroblasts were incubated in
medium (DMEM/0.3% FCS) containing 0.1% DMSO carrier (control), 20
AM PD 98059 (PD), 5 AM SB 203580 (SB), or 10 AM Y 27632 (Y),
respectively, for 30 min. TGF-h1 (5 ng/ml) was added to half of the culture
wells, and RNAwas extracted 6 h later. Tenascin-C/GAPDH mRNA ratios
were quantified for each sample by phospho-imaging of Northern blots and
are expressed relative to the DMSO carrier control. Data represent the
average of five independent experiments; error bars indicate standard errors
of the mean. §(Pb0.01) and $(Pb0.05), significant difference to the control
(no addition); *( Pb0.05), significant difference to TGF-h without inhibitor;
b( Pb0.05) significant difference to inhibitor alone. The value for TGF-h
plus Y 27632 did not differ statistically from TGF-h alone ( P=0.14). (B)
Northern blot of a representative experiment (n=3) done exactly as
described in (A), except that PDGF-BB (10 ng/ml) was added as growth
factor to half of the cultures.3.6. Induction of tenascin-C mRNA by TGF-b 1 and PDGF:
involvement of MAPK
As shown above and previously [28], TGF-h 1 is
probably the most potent single growth factor capable of
inducing tenascin-C in chick embryo fibroblasts. If cyclic
stretch acted on tenascin-C mRNA levels via a paracrine
release of TGF-h by stimulated cells, the effects of
mechanical stress and growth factor should be mediated
via a common intracellular signaling pathway. We therefore
compared the action of various specific inhibitors on the
induction of tenascin-C mRNA by TGF-h and by cyclic
stretch, respectively. TGF-h1 at 5 ng/ml led to a 2.5-fold
increase in tenascin-C mRNA within 6 h (Fig. 7A). PD
98059 is a specific inhibitor of the MAP kinase kinase,
MEK, and we have shown before that this inhibitor (20 AM)
abolishes ERK-1/2 phosphorylation in chick fibroblasts
[27]. As shown in Fig. 7A, this concentration of PD 98059
reduced the TGF-h1-dependent increase in tenascin-C
Fig. 8. Induction of tenascin-C mRNA by cyclic strain is attenuated by
ROCK antagonist but not MAPK inhibitors. (A) Chick fibroblasts were
incubated in medium (DMEM/0.3% FCS) containing 0.1% DMSO carrier
(control), 20 AM PD 98059 (PD), 5 AM SB 203580 (SB), or 10 AM Y
27632 (Y), respectively, for 30 min. Then, half of the cultures were
subjected to cyclic strain (10%, 0.3 Hz) for 6 h (S), the others left at rest (R)
for the same time period before extraction of total RNA. Tenascin-C/
GAPDH mRNA ratios were quantified for each sample by phospho-
imaging of Northern blots and are expressed relative to the DMSO carrier
control. Data represent the average of five independent experiments; error
bars indicate standard errors of the mean. $( Pb0.01), significant difference
to the resting control (R, no inhibitor); *( Pb0.05), significant difference to
the strained control (S, no inhibitor). There was a significant difference
( Pb0.05) between resting and strained conditions in the presence of each
inhibitor including Y 27632. (B) Northern blot of one of the five
experiments evaluated quantitatively in (A).
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different from inhibitor without TGF-h1. A similar partial
inhibition was seen with 5 AM SB 203580, a specific
inhibitor of p38 MAPK. Neither PD 98059 nor SB 203580
had a significant effect on the baseline levels of tenascin-C
mRNA in cells maintained at 0.3% FCS (Fig. 7A). Thus,
activation of ERK-1/2 and p38 MAPK pathways seems to
be required for full induction of tenascin-C mRNA by TGF-
h, in accordance with the regulation of other genes by this
growth factor (see Discussion). As expected, MAPK
inhibitors also attenuated tenascin-C mRNA induction by
PDGF-BB (Fig. 7B).
Interestingly, both baseline and TGF-h1 or PDGF-
induced tenascin-C mRNA levels seemed to be somewhat
diminished by 10 AM Y 27632, a specific inhibitor of Rho-
dependent kinase (ROCK) I and II (Fig. 7). This finding is
discussed later.
3.7. Tenascin-C mRNA induction by cyclic stretch: role of
ROCK but not of MAPK
In contrast to what has been shown above for TGF-h1,
the increase in tenascin-C mRNA caused by cyclic strain
was neither significantly inhibited by 20 AM PD 98059 nor
by 5 AM SB 203580 (Fig. 8). Similarly, a commercially
available peptide inhibitor of JNK had no effect in this assay
(not shown). Thus, we found no evidence that MAPK
pathways are at all involved in the induction of tenascin-C
mRNA by cyclic strain in chick fibroblasts.
On the other hand, the cytoskeleton is likely to be
important for the transduction of mechanical signals from
the exterior to the interior of the cell. The Rho/ROCK
pathway is known to be activated by mechanical signals,
and it controls assembly and myosin-dependent contraction
of the actin cytoskeleton [12]. We therefore asked whether
the Rho/ROCK system is involved in mechanoregulation of
the tenascin-C gene. Indeed the ROCK I/II inhibitor Y
27632 (10 AM) strongly attenuated the cyclic strain induced
increase in tenascin-C mRNA levels in our assay (Fig. 8).
Since Y 27632 causes rapid and efficient relaxation of the
actin cytoskeleton [12], this result points to the importance
of an active cytoskeleton in efficient mechanotransduction.
Y 27632 also slightly (but significantly) suppressed
tenascin-C mRNA in cells at rest, resulting in a small
difference persisting between resting and strained conditions
in the presence of the inhibitor (Figs. 7 and 8). A possible
explanation is given in Discussion.
In summary, tenascin-C mRNA induction by TGF-h and
PDGF is partially but significantly inhibited by MAPK
antagonists and to some extent by a ROCK inhibitor,
whereas the response to cyclic strain is not affected by
MAPK antagonists but effectively quenched by the ROCK
inhibitor. These data indicate that in chick fibroblasts
distinct intracellular signaling events lead to the up-
regulation of the tenascin-C gene in response to TGF-h or
cyclic strain, respectively, and, hence, that TGF-h or PDGFare unlikely mediators of the effects of mechanical
stimulation.
3.8. ROCK-dependent mechanotransduction on a collagen
substrate
All experiments described so far have been performed on
fibronectin-coated silicone membranes. Thus, the question
arose whether ROCK-dependent up-regulation of tenascin-
C mRNA is a feature specific for cells attached to
fibronectin, or whether other ECM substrates could mediate
a similar response. We therefore coated silicone membranes
with native fibrillar rat tail collagen (mostly collagen type I
with some type III and V), plated chick fibroblasts and
subjected them to cyclic strain exactly as described above.
As seen in Fig. 9, on this substrate tenascin-C mRNA was
induced to a similar extent by mechanical stimulation as on
fibronectin. Moreover, ROCK antagonist Y 27632 again
strongly attenuated the response to cyclic strain. This
Fig. 9. Similar response of fibroblasts to cyclic strain on a collagen
substrate. Instead of with fibronectin, silicone membranes were coated with
native (fibrillar) rat tail collagen (N90% type I). Plated fibroblasts were
either left at rest (R) or cyclically strained for 6 h (S) in the absence or
presence of ROCK antagonist Y 27632 (Y). Note that like on fibronectin,
on the collagen substrate tenascin-C mRNA is induced by mechanical
stimulation, and this response is strongly diminished by ROCK inhibition.
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attachment and spreading (presumably involving different
integrin receptors) might mediate responses to mechanical
stress by a similar pathway.4. Discussion
In the experiments presented here, we sought to address
the question how mechanical stress and certain growth
factors, respectively, cooperate in regulating the expression
of tenascin-C. Control of tenascin-C gene activity is
obviously a complicated matter, since this ECM component
exhibits an intricate spatial and temporal pattern of
expression during morphogenesis, and since it is induced
de novo in many pathological and regenerative processes
(for review, see Ref. [24]). Tenascin-C is thought to
modulate cell–ECM adhesion [25,29]. Surprisingly, tenas-
cin-C-deficient mice have no obvious phenotype during
embryogenesis or in regeneration; however, subtle abnor-
malities have been reported for these animals, e.g., in brain
development, in their response to toxic stress, or in the
healing of suture wounds [22]. In any case, its modes of
expression make tenascin-C a suitable model for studying
various aspects of ECM gene regulation in general.
As mentioned earlier and as expected from the appear-
ance in development and disease, tenascin-C protein and
mRNA levels are induced by various growth factors
including TGF-h [27], PDGF, bFGF, and certain inflamma-
tory cytokines, and suppressed by corticosteroids (for
review, see Ref. [24]). In addition, there is ample evidence
from applying or removing load in vivo that tenascin-C
expression is in part controlled by the level of tensile stress
within a tissue. Examples are its down-regulation by
immobilization of adult or embryonic tendons [17,30], or
its up-regulation by load-induced bone remodeling [31],
hypertension in arterial smooth muscle [32], or muscle
overload [18,33]. In a screening array performed with
smooth muscle cells, tenascin-C showed up as one of themost prominent stretch-induced genes [34]. We have shown
earlier that tenascin-C expression is high in fibroblasts
cultured on (statically) stressed collagen gels but strongly
suppressed after relaxation of the gel [19,20]. Using a
similar device and conditions as described here, Yamamoto
et al. [10] applied cyclic strain (9%, 1 Hz, 6 h) to rat
myocytes on fibronectin-coated silicone membranes, and
observed a fourfold induction of tenascin-C mRNA. In the
present study, this is confirmed for chick embryo skin
fibroblast for which the relative increase in tenascin-C
mRNA is twofold in average after 6 h. In absolute terms,
however, the rise in mRNA level is larger in fibroblasts
upon stretching, since at rest basic tenascin-C mRNA levels
are around 10 times higher in these cells than in myocytes
(own unpublished observations). In terms of the physio-
logical strain modes to which these cell types are exposed in
vivo, it is interesting that fibroblasts seem to require a
slightly higher magnitude but a lower frequency of cyclic
strain than myocytes for optimal stimulation of tenascin-C
mRNA levels. The time course of tenascin-C mRNA
induction was found to be similar and quite rapid in
stretched myocytes and fibroblasts. In both types of cells,
the rise in mRNA was not blocked by cycloheximide,
indicating that it does not depend on the prior synthesis of
regulatory proteins such as transcription factors, and hence
that tenascin-C might be an bearly responseQ gene with
respect to mechanical stimulation. In contrast, induction of
fibronectin by cyclic strain seemed variable, retarded and
considerably less pronounced in our experiments. This is in
accordance with published work reporting a maximal
increase in fibronectin mRNA of 70% at 12 h of cyclic
strain in rat glomerular mesangial cells [35].
Despite all the evidence that mechanical stress is an
important and rapid regulator of tenascin-C expression, it
might still act indirectly, especially since some of the same
growth factors that induce tenascin-C expression have also
been implicated in auto-or paracrine mechanisms of
mechanoregulation. Release of TGF-h, for example, was
shown to be triggered in cardiac fibroblasts upon cyclic
stretching, and was required for enhanced procollagen a1(I)
gene promoter activity in response to mechanical stimula-
tion [6]. Similarly, PDGF is known to be secreted by
endothelial and smooth muscle cells subjected to shear or
tensile stress, and is believed to mediate some of the
hypertrophic responses of arterial tissue to mechanical
overload [8]. In cultured human chondrocytes, mechanically
triggered and integrin-dependent signaling leads to the
release of IL-4 [9], which in turn affects expression levels
of aggrecan and MMP-3 [36]. Assuming that one of these
growth factors is involved in a paracrine mechanism of
mechanoregulation of the tenascin-C gene, several predic-
tions can be made. First, medium conditioned by mechan-
ically stimulated cells should contain the paracrine factor
and thus stimulate tenascin-C mRNA levels in cells at rest.
Second, at a concentration where for a certain growth factor
the tenascin-C mRNA level reaches a plateau, mechanical
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interference with the signaling of a possibly involved
growth factor should also impede the effects of mechanical
stress.
Instead, the data presented here indicate that cyclic strain
rises tenascin-C mRNA levels in fibroblasts independently
from the most likely growth factors known to induce this
gene. Conditioned medium from stressed cells had no effect
on tenascin-C mRNA of resting cells. The induction
obtained with cyclic stress was always additive to that of
TGF-h or PDGF, or even of whole serum. It should be noted
that most in vitro studies on gene induction by mechanical
stress published so far used serum starved cells (e.g., Ref.
[10]), whereas we show here that cyclic strain can even
further increase tenascin-C mRNA from an already high
level induced by 3% FCS. Finally, specific inhibitors of
MAPK signaling significantly inhibited tenascin-C mRNA
induction by TGF-h and PDGF, but had no effect on
induction by cyclic strain. PDGF is a classical growth factor
triggering, among others, MAPK pathways [37]. TGF-h
signaling is mainly mediated by Smad transcriptional
activator proteins that shuttle between the cell surface and
the nucleus [38]. However, Smad-independent activation of
MAPK pathways by TGF-h has been reported [39], and
induction of fibronectin and collagen I genes by TGF-h
apparently involves MAPK-dependent target sites on their
promoters [6]. Thus, partial inhibition of PDGF- and TGF-
h-mediated tenascin-C mRNA induction by both PD 98059
(an inhibitor of the MEK/ERK pathway) and SB 203580 (a
p38 MAPK inhibitor) is to be expected. However, since
neither MAPK inhibitor had an effect on tenascin-C mRNA
induction by cyclic strain, PDGF and TGF-h can be
excluded as paracrine mediators of this response to
mechanical stress. Moreover, even a direct (growth factor
independent) triggering of MAPK pathways via integrin
signaling [4,40–42] is apparently not required for the
induction of tenascin-C mRNA by mechanical stimulation.
A paracrine feedback loop involving IL-4 [9] can be
excluded in our case because this cytokine had no
significant effect on tenascin-C mRNA levels in chick
embryo fibroblasts. Because in rat myocytes induction of
this gene by cyclic strain was reported to depend on ROS
[10], we also tested the effects of a radical scavenger (N-
acetyl cysteine) and of H2O2 in our cells. Contrary to the
published report, however, we found no significant inhib-
ition of cyclic strain-mediated tenascin-C induction by N-
acetyl cysteine. In addition, H2O2 at a concentration used in
the said publication killed our cells, and at a lower dose did
not induce tenascin-C mRNA in resting cells. Thus, we
could not corroborate an involvement of ROS in strain-
mediated tenascin-C induction for chick embryo fibroblasts.
In summary, at least for these cells and this gene, we ruled
out several of the paracrine factors that are candidates for
mediating the response to mechanical stimulation. Our
experiments of course do not preclude the possibility that
yet unidentified auto-/paracrine factors are involved, eitherdirectly or as a permissive or synergistic regulator of the
mechanotransduction process.
However, we were interested to find that tenascin-C
mRNA induction by cyclic strain in chick fibroblasts was
very effectively attenuated by a specific inhibitor of Rho-
dependent protein kinase (ROCK), Y 27632. The incentive
to test this inhibitor stemmed from our earlier observations
that disturbing the cytoskeleton altered the response of
tenascin-C mRNA levels to mechanical stimulation [19].
Whereas the actin depolymerizing drug cytochalasin B was
found to block tenascin-C induction by cyclic strain,
disruption of microtubules with colchicine even increased
expression of this mRNA in both resting and stimulated
cells [2]. This is explained by the fact that microtubule
breakdown induces a Rho/ROCK-mediated contraction of
the actin cytoskeleton, resulting in higher cellular tension
[12]. Conversely, relaxation of the actin cytoskeleton with Y
27632 apparently hampers mechanotransduction and ren-
ders the cells much less sensitive to externally applied
tensile strain. In vascular smooth muscle cells, a role for
Rho/ROCK has been postulated previously in the mechan-
ical activation of ERK signaling [43]. As shown here,
however, ROCK controls regulation of the tenascin-C gene
by mechanical strain independently from ERK.
Tenascin-C mRNA levels are slightly but significantly
suppressed in cells at rest by Y 27632 compared to control,
and in the presence of the antagonist a small difference
persists between resting and strained cells. One might argue
that this contradicts the notion of ROCK being directly
involved in mechanotransduction. However, it has to be
realized that brestingQ fibroblasts attached to a silicone
membrane are not mechanically relaxed: this substrate is
stiff enough to allow cells to develop contractile force, to
spread and to form stress fibers. Thus, in terms of actin
dynamics, brestingQ cells are probably intermediate between
fully relaxed (e.g., detached) and cyclically strained cells.
Rho-dependent actin dynamics can regulate transcription
factor activity and hence gene expression [15]. If such a
scheme applies to tenascin-C regulation, this might explain
the substantial level of tenascin-C expression in brestingQ
cells and its further suppression by the ROCK inhibitor.
A similar argument applies to the observed partial
inhibition of growth factor-mediated tenascin-C induction
by Y 27632. Besides activating MAPK pathways, PDGF is
known to induce cell motility and spreading via a pathway
involving PKC and small GTPases (Rho, Rac) [37]. TGF-
h has recently been shown to increase the contractile force
of fibroblasts in collagen gels [44]. Thus, these growth
factors (and presumably serum as well [45]) seem to
induce the tenascin-C gene not only via their classical
signaling pathways, but at least in part also by stimulation
of Rho/ROCK-dependent actin contractility. While not
directly responsible for the effect of mechanical stress,
PDGF or TGF-h might synergistically enhance the
induction of tenascin-C by increasing the cells’ sensitivity
to mechanical stimulation, e.g., during wound contraction
M. Chiquet et al. / Biochimica et Biophysica Acta 1693 (2004) 193–204 203or load-induced hypertrophy [31,46]. Our future studies
aim at elucidating the precise role of Rho/ROCK-depend-
ent internal cytoskeletal tension in the mechanotransduc-
tion events that lead to up-regulation of tenascin-C by
external mechanical stimuli.Acknowledgements
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